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1. INTRODUCTION {#cep13271-sec-0001}
===============

The endothelial‐to‐mesenchymal transition (EndMT) is a complex biological process that is one of the mechanisms that generates myofibroblasts in fibrotic tissues or organs.[^1^](#cep13271-bib-0001){ref-type="ref"}, [^2^](#cep13271-bib-0002){ref-type="ref"}, [^3^](#cep13271-bib-0003){ref-type="ref"}, [^4^](#cep13271-bib-0004){ref-type="ref"} The main characteristics of the EndMT are the loss of adhesion and polarity between endothelial cells, transformation to mesenchymal cells, acquisition of a mesenchymal phenotype, and an increase in cell migration and collagen secretion.[^5^](#cep13271-bib-0005){ref-type="ref"} The EndMT refers to the gradual loss of endothelial cell‐specific markers such as CD31 and VE‐cadherin and the gradual decrease in endothelial cell junctions,[^6^](#cep13271-bib-0006){ref-type="ref"}, [^7^](#cep13271-bib-0007){ref-type="ref"}, [^8^](#cep13271-bib-0008){ref-type="ref"} as well as the acquisition of a mesenchymal or myofibroblastic phenotype and expression of mesenchymal cell products such as α‐smooth muscle actin (α‐SMA) and enhanced collagen synthesis, migration, and secretion of a large amount of extracellular matrix and collagen, leading to myocardial fibrosis.[^9^](#cep13271-bib-0009){ref-type="ref"}, [^10^](#cep13271-bib-0010){ref-type="ref"} Studies have reported that in addition to fibroblasts and myofibroblasts, endothelial cells can transdifferentiate to mesenchymal cells through the EndMT process, further leading to endothelial dysfunction.[^11^](#cep13271-bib-0011){ref-type="ref"}

Fibroblasts and myofibroblasts are key fibroblastic effector cells.[^12^](#cep13271-bib-0012){ref-type="ref"}, [^13^](#cep13271-bib-0013){ref-type="ref"} Recent studies have shown that the EndMT process in organ fibrosis is one of the important sources of fibroblasts and is one of the important mechanisms of fibrosis development.[^14^](#cep13271-bib-0014){ref-type="ref"}, [^15^](#cep13271-bib-0015){ref-type="ref"} Studies have shown that abnormal EndMT is a key mechanism in the development of fibrosis in multiple tissues or organs in humans.[^8^](#cep13271-bib-0008){ref-type="ref"}, [^16^](#cep13271-bib-0016){ref-type="ref"}, [^17^](#cep13271-bib-0017){ref-type="ref"} Studies have shown that transforming growth factor‐β1 (TGF‐β1) is a potent factor in inducing the EndMT process.[^18^](#cep13271-bib-0018){ref-type="ref"}, [^19^](#cep13271-bib-0019){ref-type="ref"} Therefore, in this study, the EndMT was used as an entry point, TGF‐β1 was used to induce human umbilical vein endothelial cells (HUVECs) to establish an EndMT model. Actively searching for and discovering innovative drugs that can interfere with and regulate the EndMT may be an effective way to prevent and treat myocardial fibrosis.

Acute and chronic inflammation often leads to fibrosis.[^20^](#cep13271-bib-0020){ref-type="ref"} Inflammation can damage epithelial cells (usually vascular endothelial cells), and excessive release of inflammatory mediators promotes the development of organ or tissue fibrosis.[^21^](#cep13271-bib-0021){ref-type="ref"} Studies have shown that cardiac fibrosis is a chronic inflammatory process, and inflammatory stimuli accelerate the progression of cardiac fibrosis through the EndMT.[^22^](#cep13271-bib-0022){ref-type="ref"}

Asymmetric dimethylarginine (ADMA) is an endogenous nitric oxide (NO) synthesis inhibitor and promotes the occurrence of cardiovascular disease. Dimethylarginine dimethylaminohydrolase (DDAH) is a metabolic enzyme of ADMA. Studies have found that increased expression of DDAH inhibits matrix metalloproteinase‐9 (MMP9), ADMA, epidermal growth factor receptor (EGFR) and extracellular regulated protein kinases (ERK) signalling pathways, while TGF‐β1 inhibits the expression and activity of DDAH, thereby inducing ADMA.[^23^](#cep13271-bib-0023){ref-type="ref"}, [^24^](#cep13271-bib-0024){ref-type="ref"} In addition, studies have shown that TGF‐β1 significantly inhibits the expression and activity of nuclear factor erythroid‐2‐related factor 2 (NRF‐2), which is a potential therapeutic target for liver fibrosis.[^25^](#cep13271-bib-0025){ref-type="ref"}

Curcumin (Cur) is a polyphenolic substance that is naturally extracted from the rhizome of turmeric plants and has antifibrotic, anti‐inflammatory, antioxidant and hypolipidaemic effects.[^26^](#cep13271-bib-0026){ref-type="ref"}, [^27^](#cep13271-bib-0027){ref-type="ref"} However, it is not clear whether curcumin inhibits myocardial fibrosis induced by the EndMT. Therefore, this study aimed to investigate whether curcumin attenuates TGF‐β1‐induced fibrosis in HUVECs by inhibiting the EndMT process via regulating the NRF2‐DDAH1‐ADMA‐NO pathway.

2. RESULTS {#cep13271-sec-0002}
==========

2.1. Involvement of the NRF‐2/DDAH1/ADMA pathway in TGF‐β1‐induced EndMT in human umbilical vein endothelial cells (HUVECs) {#cep13271-sec-0003}
---------------------------------------------------------------------------------------------------------------------------

First, the involvement of the NRF‐2/DDAH1/ADMA pathway in TGF‐β1‐induced EndMT in HUVECs was investigated. As shown in Figure [1](#cep13271-fig-0001){ref-type="fig"}A‐D, TGF‐β1 significantly decreased NRF‐2 (Figure [1A](#cep13271-fig-0001){ref-type="fig"}) and DAAH1 (Figure [1B](#cep13271-fig-0001){ref-type="fig"}) expression (*P* \< .01) and inhibited NO levels (Figure [1C](#cep13271-fig-0001){ref-type="fig"}) and nitric oxide synthase (NOS) (Figure [1D](#cep13271-fig-0001){ref-type="fig"}) activity (*P* \< .01), whereas IL‐1β (Figure [1E](#cep13271-fig-0001){ref-type="fig"}), TNF‐α (Figure [1F](#cep13271-fig-0001){ref-type="fig"}) and ADMA (Figure [1G](#cep13271-fig-0001){ref-type="fig"}) levels were significantly increased. Western blotting showed that TGF‐β1 significantly decreased the expression of VE‐cadherin, DDAH and NRF‐2, whereas vimentin was increased (Figure [1H](#cep13271-fig-0001){ref-type="fig"}, *P* \< .01). Immunofluorescence staining showed an obvious decrease in CD31 (Figure [1I](#cep13271-fig-0001){ref-type="fig"}) fluorescence in the nuclei of the TGF‐β1‐induced group, while α‐SMA (Figure [1J](#cep13271-fig-0001){ref-type="fig"}) fluorescence was significantly enhanced. In addition, overexpression of NRF‐2 potently counteracted the effect of TGF‐β1 (*P* \< .01), while downregulation of DDAH1 had the opposite effect to NRF‐2 overexpression (*P* \< .01). The cell morphology of EndMT process was showed in Figure [S1](#cep13271-sup-0001){ref-type="supplementary-material"} and the efficiency of NRF‐2 overexpression and DDAH1 downregulation is shown in Figure [S2](#cep13271-sup-0002){ref-type="supplementary-material"}. These results indicated that the NRF‐2/DDAH1/ADMA pathway may be involved in TGF‐β1‐induced EndMT in HUVECs.

![Involvement of the NRF‐2/DDAH1/ADMA pathway in TGF‐induced EndMT in human umbilical vein endothelial cells (HUVECs). HUVECs were treated with medium (Control), TGF‐β1, TGF‐β1 + Vector, TGF‐β1 + oeNRF‐2 and TGF‐β1 + oeNRF‐2 + siDDAH1. A, B, The mRNA expression of NRF‐2 and DDAH1 was detected. C--G, The levels of NO (C), NOS (D), IL‐1β (E), TNF‐α (F) and ADMA (G) were detected. H, The protein levels of VE‐cadherin, vimentin, DDAH, PRMT and NRF‐2 were detected. I, J, Immunofluorescence detection of CD31 (I) and α‐SMA (J) at a magnification of 200 ×. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001 vs Control, siNC or Vector; ^\#^ *P* \< .05, ^\#\#^ *P* \< .01, and ^\#\#\#^ *P* \< .001 vs TGF + Vector; ^+^ *P* \< .05, ^++^ *P* \< .01, and ^+++^ *P* \< .001 vs TGF + oeNRF‐2. (H) ![](CEP-47-1182-g005.jpg "image"), Control; ![](CEP-47-1182-g006.jpg "image"), TGF‐β1; ![](CEP-47-1182-g007.jpg "image"), TGF‐β1 + Vector; ![](CEP-47-1182-g008.jpg "image"), TGF‐β1 + oeNRF2; ![](CEP-47-1182-g009.jpg "image"), TGF‐β1 + oeNRF2 + siDDAH1](CEP-47-1182-g001){#cep13271-fig-0001}

2.2. ADMA induced the EndMT in HUVECs {#cep13271-sec-0004}
-------------------------------------

CCK‐8 assays were performed to detect cell viability. The results are shown in Figure [S3](#cep13271-sup-0003){ref-type="supplementary-material"}. Treatment with ADMA significantly increased the cell viability in a time‐ and dose‐dependent manner compared with that of the control group. Therefore, 72‐hour treatment with 10 and 20 μmol/L ADMA were selected for subsequent testing.

High‐performance liquid phase analysis showed that treatment with both 10 and 20 μmol/L ADMA significantly increased the level of ADMA in HUVECs, and TGF‐β1 also increased ADMA levels, but the effect of ADMA treatment was stronger than that of TGF‐β1 (Figure [2A](#cep13271-fig-0002){ref-type="fig"}). Moreover, treatment with ADMA significantly decreased the NO content (Figure [2B](#cep13271-fig-0002){ref-type="fig"}) and NOS activity (Figure [2C](#cep13271-fig-0002){ref-type="fig"}) (*P* \< .01), and TGF‐β1 had a similar effect (*P* \< .01). In contrast, the levels of IL‐1β (Figure [1D](#cep13271-fig-0001){ref-type="fig"}) and TNF‐α (Figure [1E](#cep13271-fig-0001){ref-type="fig"}) were significantly increased by ADMA (*P* \< .01), and TGF‐β1 also increased the levels of TNF‐α and IL‐1β (*P* \< .01). Western blotting showed that the expression of vimentin and DDAH was significantly increased by ADMA (*P* \< .01), and TGF‐β1 had a similar effect (*P* \< .01), while ADMA had no significant effect on the protein expression levels of VE‐cadherin or PRMT (Figure [2F](#cep13271-fig-0002){ref-type="fig"}). Immunofluorescence staining showed that ADMA and TGF‐β1 significantly weakened CD31 fluorescence in HUVECs (Figure [2G](#cep13271-fig-0002){ref-type="fig"}), while α‐SMA fluorescence was significantly enhanced (Figure [2H](#cep13271-fig-0002){ref-type="fig"}). These results indicated that ADMA induced the EndMT in HUVECs, which was consistent with the effect of TGF‐β1.

![ADMA induced the EndMT in HUVECs. HUVECs were treated with TGF‐β1 (10 µg/L; AF‐100‐21C‐10; PeproTech) and ADMA (5, 10, 20 μmol/L; D4268; Sigma). A--E, The levels of ADMA (A), NO (B), NOS (C), IL‐1β (D) and TNF‐α (E) were detected. F, The protein levels of VE‐cadherin, vimentin, DDAH and PRMT were detected. G, H, Immunofluorescence detection of CD31 (G) and α‐SMA (H) at a magnification of 200×. \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001 vs Control. (F) ![](CEP-47-1182-g010.jpg "image"), Control; ![](CEP-47-1182-g011.jpg "image"), 10 μmol/L ADMA; ![](CEP-47-1182-g012.jpg "image"), 20 μmol/L ADMA; ![](CEP-47-1182-g013.jpg "image"), TGF‐β1](CEP-47-1182-g002){#cep13271-fig-0002}

2.3. Curcumin (Cur) inhibited TGF‐β1‐induced EndMT, and the ERK pathway may be involved in this regulation {#cep13271-sec-0005}
----------------------------------------------------------------------------------------------------------

Next, the effect of Cur (Figure [S4](#cep13271-sup-0004){ref-type="supplementary-material"} showed that 5 and 10 µmol/L Cur has no toxic effect on cells) on TGF‐β1‐induced EndMT and ERK1/2 pathways was examined. Figure [3](#cep13271-fig-0003){ref-type="fig"}A‐D shows that treatment with Cur significantly reduced TGF‐β1‐induced IL‐1β (Figure [3A](#cep13271-fig-0003){ref-type="fig"}) and TNF‐α (Figure [3B](#cep13271-fig-0003){ref-type="fig"}) levels, while DDAH1 (Figure [3C](#cep13271-fig-0003){ref-type="fig"}) and NRF‐2 (Figure [3D](#cep13271-fig-0003){ref-type="fig"}) were significantly increased (*P* \< .01). Overexpression of NRF‐2 potently counteracted the effects of TGF‐β1 in HUVECs (*P* \< .01). Moreover, TGF‐β1 significantly induced the expression of EGFR and MMP9 (*P* \< .01), which was potently counteracted by Cur treatment (Figure [3](#cep13271-fig-0003){ref-type="fig"}E,F). In addition, treatment with Cur significantly reduced TGF‐β1‐induced expression of vimentin, p‐ERK1/2 and MMP9 in HUVECs, while VE‐cadherin, DDAH and NRF‐2 were significantly increased (Figure [3G](#cep13271-fig-0003){ref-type="fig"},[H](#cep13271-fig-0003){ref-type="fig"}) (*P* \< .01). Immunofluorescence staining showed that Cur significantly enhanced CD31 (Figure [3I](#cep13271-fig-0003){ref-type="fig"}) fluorescence in HUVECs compared to that of the TGF‐β1 group, while α‐SMA (Figure [3J](#cep13271-fig-0003){ref-type="fig"}) fluorescence was decreased. Overexpression of NRF‐2 had a similar effect as that of Cur. These results indicated that Cur inhibited TGF‐β1‐induced EndMT and ERK1/2 pathway activation.

![Curcumin (Cur) inhibited TGF‐β1‐induced EndMT, and the ERK pathway may be involved in this regulation. HUVECs were treated with TGF‐β1 (10 µg/L), TGF‐β1 (10 µg/L) + 5 µmol/L Cur (C1386; Sigma), TGF‐β1 (10 µg/L) + 10 µmol/L Cur and TGF‐β1 (10 µg/L) + oeNRF‐2 for 48 h. A, B, IL‐1β (A) and TNF‐α (B) levels were detected. C--F, DDAH1 (C), NRF‐2 (D), EGFR (E) and MMP9 (F) mRNA expression was detected. G, Protein levels of VE‐cadherin, vimentin, DDAH and PRMT were detected. H, Protein levels of ERK1/2, p‐ERK1/2 and MMP9 were detected. I, J, Immunofluorescence detection of CD31 (I) and α‐SMA (J) at a magnification of 200×. \**P* \< .05 and \*\*\**P* \< .001 vs Control, siNC or Vector; ^\#^ *P* \< .05, ^\#\#^ *P* \< .01, and ^\#\#\#^ *P* \< .001 vs TGF‐β1. (G) ![](CEP-47-1182-g014.jpg "image"), Control; ![](CEP-47-1182-g015.jpg "image"), TGF‐β1; ![](CEP-47-1182-g016.jpg "image"), TGF‐β1 + 5 μmol/L Cur; ![](CEP-47-1182-g017.jpg "image"), TGF‐β1 + 10 μmol/L Cur; ![](CEP-47-1182-g018.jpg "image"), TGF‐β1 + oeNRF‐2. (H) ![](CEP-47-1182-g019.jpg "image"), Control; ![](CEP-47-1182-g020.jpg "image"), TGF‐β1; ![](CEP-47-1182-g021.jpg "image"), TGF‐β1 + 5 μmol/L Cur; ![](CEP-47-1182-g022.jpg "image"), TGF‐β1 + 10 μmol/L Cur](CEP-47-1182-g003){#cep13271-fig-0003}

2.4. Cur inhibited TGF‐β1‐induced EndMT by stimulating NRF‐2 and DDAH1 to degrade ADMA {#cep13271-sec-0006}
--------------------------------------------------------------------------------------

Different concentrations of the NRF‐2 inhibitor ML385 were used to measure cell proliferation at different times. Figure [4A](#cep13271-fig-0004){ref-type="fig"} shows that ML385 increased cell viability in a dose‐ and time‐dependent manner. Therefore, 72‐hour treatment with 2.5 μmol/L ML385 was selected for subsequent testing.

![Cur inhibited TGF‐β1‐induced EndMT by stimulating NRF‐2 and DDAH to degrade ADMA. A, After treatment with different concentrations (0, 0.5, 1, 2.5, 5, 10, or 20 μmol/L) of ML385 (NRF‐2 inhibitor; SML1833; Sigma), the cell proliferation was detected at 0, 24, 48 and 72 h. HUVECs were treated with TGF‐β1 (10 µg/L), TGF‐β1 (10 µg/L) + 2.5 μmol/L ML385, TGF‐β1 (10 µg/L) + 2.5 μmol/L ML385 + 5 μmol/L Cur, and TGF‐β1 (10 µg/L) + 2.5 μmol/L ML385 + 10 μmol/L Cur for 48 h. B, NRF‐2 mRNA expression was detected. C, Protein levels of VE‐cadherin, vimentin, DDAH and NRF‐2 were detected. D, E, Immunofluorescence detection of CD31 (D) and α‐SMA (E) at a magnification of 200×. \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001 vs 0 μmol/L ML385 or TGF‐β1; ^\#\#^ *P* \< .01 and ^\#\#\#^ *P* \< .001 vs TGF‐β1 + ML385. (A) ![](CEP-47-1182-g023.jpg "image"), 0 μmol/L ML385; ![](CEP-47-1182-g024.jpg "image"), 0.5 μmol/L ML385; ![](CEP-47-1182-g025.jpg "image"), 1 μmol/L ML385; ![](CEP-47-1182-g026.jpg "image"), 2.5 μmol/L ML385; ![](CEP-47-1182-g027.jpg "image"), 5 μmol/L ML385; ![](CEP-47-1182-g028.jpg "image"), 10 μmol/L ML385; ![](CEP-47-1182-g029.jpg "image"), 20 μmol/L ML385; ![](CEP-47-1182-g030.jpg "image"), TGF‐β1; ![](CEP-47-1182-g031.jpg "image"), TGF‐β1 + ML385; ![](CEP-47-1182-g032.jpg "image"), TGF‐β1 + ML385 + 5 μmol/L Cur; ![](CEP-47-1182-g033.jpg "image"), TGF‐β1 + ML385 + 10 μmol/L Cur](CEP-47-1182-g004){#cep13271-fig-0004}

As shown in Figure [4](#cep13271-fig-0004){ref-type="fig"}B,C, the NRF‐2 inhibitor ML385 significantly inhibited TGF‐β1‐induced expression of VE‐cadherin, DDAH and NRF‐2, while vimentin was increased (*P* \< .01). In addition, the NRF‐2 inhibitor ML385 significantly weakened TGF‐β1‐induced CD31 (Figure [4D](#cep13271-fig-0004){ref-type="fig"}) fluorescence, while the α‐SMA (Figure [4E](#cep13271-fig-0004){ref-type="fig"}) fluorescence was enhanced. Treatment with Cur potently counteracted the effects of the NRF‐2 inhibitor ML385 (*P* \< .01). The above results indicated that Cur stimulated NRF‐2 and DDAH1 to promote the degradation of ADMA and thereby inhibit TGF‐β1‐induced EndMT.

3. DISCUSSION {#cep13271-sec-0007}
=============

Heart failure is a series of clinical syndromes caused by various cardiovascular diseases, such as coronary heart disease, cardiomyopathy, hypertension, and diabetic myocarditis, that causes changes in the structure and function of the normal myocardium, resulting in low ventricular ejection or filling and an inability to meet the metabolic needs of the body and a high morbidity and mortality.[^28^](#cep13271-bib-0028){ref-type="ref"}, [^29^](#cep13271-bib-0029){ref-type="ref"} The progression of most cardiovascular diseases leads to heart failure, which is the leading cause of death from cardiovascular disease.[^30^](#cep13271-bib-0030){ref-type="ref"} Myocardial fibrosis is one of the main components of ventricular remodelling and is the main physiological and pathological basis of heart failure. Under pathological conditions, such as increased circulatory pressure and myocardial necrosis, myocardial fibrosis activates fibroblasts or myofibroblasts to secrete a large amount of extracellular matrix, leading to an imbalance in the metabolism of the extracellular matrix.[^31^](#cep13271-bib-0031){ref-type="ref"}, [^32^](#cep13271-bib-0032){ref-type="ref"} When collagen production and mesenchymal cell products are greater than degradation, a large amount of collagen is deposited in the interstitium of myocardial cells, leading to myocardial fibrosis, myocardial contraction, and diastolic and electrophysiological damage. It has been reported that myocardial fibrosis is a common pathological feature of end‐stage heart failure due to various causes.[^33^](#cep13271-bib-0033){ref-type="ref"} Therefore, myocardial fibrosis is an important target for the treatment of heart failure.

Recent studies have found that abnormal EndMT promotes the progression of myocardial fibrosis.[^8^](#cep13271-bib-0008){ref-type="ref"}, [^17^](#cep13271-bib-0017){ref-type="ref"} Therefore, studying the mechanism of the EndMT and finding effective drugs to block this process will help to provide potential clinical treatments for preventing and treating myocardial fibrosis and heart failure. Abnormal EndMT refers to the process in which endothelial cells gradually lose their original morphology, phenotype and function and obtain the morphology, phenotype and function of mesenchymal cells such as fibroblasts or myofibroblasts.[^15^](#cep13271-bib-0015){ref-type="ref"}, [^34^](#cep13271-bib-0034){ref-type="ref"} The expression of VE‐cadherin, a specific marker of endothelial cells, is gradually weakened or lost, and the myofibroblast‐specific marker α‐SMA is expressed instead.[^35^](#cep13271-bib-0035){ref-type="ref"} Studies have shown that many regulatory factors are involved in the EndMT, of which TGF‐β1 is considered to be the most potent factor in the EndMT and myocardial fibrosis. Therefore, upregulation of TGF‐β1 expression is both the mechanism of the EndMT and one of the signs indicating the possible existence of abnormal EndMT.[^36^](#cep13271-bib-0036){ref-type="ref"} NRF‐2 plays a protective role in fibrosis by regulating antioxidant enzyme activity and downstream gene expression.[^37^](#cep13271-bib-0037){ref-type="ref"} As a new high‐risk factor for certain diseases, DDAH1 has recently received extensive attention in cardiovascular and renal diseases, but little research has been done on the role of DDAH1 in fibrosis.[^38^](#cep13271-bib-0038){ref-type="ref"}, [^39^](#cep13271-bib-0039){ref-type="ref"} In this study, TGF‐β1 was used to induce the EndMT in HUVECs. We found that TGF‐β1‐induced EndMT was potently counteracted by NRF‐2 overexpression, while downregulation of DDAH1 counteracted the effect of NRF‐2. We hypothesized that NRF‐2 inhibits TGF‐β1‐induced EndMT by regulating the expression of ADMA via regulating DDAH1.

Asymmetric dimethylarginine can inhibit NOS activity and reduces NO production. DDAH1 affects NOS activity by regulating ADMA levels in vivo, thereby regulating NO production in vivo.[^40^](#cep13271-bib-0040){ref-type="ref"}, [^41^](#cep13271-bib-0041){ref-type="ref"} Studies have shown that NO is closely related to the occurrence and development of fibrosis.[^42^](#cep13271-bib-0042){ref-type="ref"} These findings are consistent with our results that, similar to TGF‐β1, ADMA decreased NO secretion, decreased NOS activity, and increased inflammatory factor release. Immunofluorescence analysis showed decreased CD31 and increased α‐SMA. Therefore, ADMA induced the EndMT at the cellular level.

Curcumin is a fat‐soluble polyphenolic compound that is extracted from the rhizome of traditional Chinese medicines such as turmeric and other plants (such as turmeric, medlar, and calamus).[^43^](#cep13271-bib-0043){ref-type="ref"} Studies have shown that curcumin effectively inhibits the malignant behaviour of cancer cells and has broad applications in the treatment of cancer.[^44^](#cep13271-bib-0044){ref-type="ref"}, [^45^](#cep13271-bib-0045){ref-type="ref"} Curcumin also has many functions such as antibacterial, anti‐inflammatory, analgesic and wound healing properties, and its immunomodulatory potential in many inflammatory disease models has been demonstrated.[^46^](#cep13271-bib-0046){ref-type="ref"}, [^47^](#cep13271-bib-0047){ref-type="ref"} Moreover, studies have shown that curcumin protects against myocardial fibrosis through various mechanisms. For example, curcumin inhibits myocardial fibrosis by inhibiting the activation of MMP‐9, TIMP‐1 and fibroblasts.[^48^](#cep13271-bib-0048){ref-type="ref"}, [^49^](#cep13271-bib-0049){ref-type="ref"} Whether curcumin inhibits myocardial fibrosis by inhibiting abnormal EndMT remains unclear. In this study, curcumin alleviates TGF‐β1‐induced EndMT, accompanied by decreased release of extracellular matrix and inflammatory factors, and inactivation of ERK1/2 signalling. Overexpression of NRF‐2 had a similar effect to that of Cur. These results indicated that curcumin may modulate the EndMT by stimulating the NRF‐2 pathway.

In this study, we demonstrated that curcumin inhibits TGF‐β1‐induced EndMT by regulating the NRF2--DDAH--ADMA--NO signalling pathway, thus attenuating endothelial cell fibrosis. Targeting the EndMT is potential new strategy for the prevention and treatment of fibrosis.

4. METHODS {#cep13271-sec-0008}
==========

4.1. Culture of human umbilical vein endothelial cells (HUVECs) {#cep13271-sec-0009}
---------------------------------------------------------------

The HUVECs were purchased from Changsha YRGene Co. (NC006) and were cultured in DMEM (SH30243.01; HyClone) containing 10% fetal bovine serum (10% FBS + heparin 0.1 mg/mL + ECGS 10 μL/mL + DMEM) (16000‐044; Gibco) and a 1% mixture of penicillin and streptomycin (P1400‐100; Solarbio) at 37°C and 5% CO~2~.

4.2. Configuration of curcumin solution {#cep13271-sec-0010}
---------------------------------------

The curcumin dry powder (C1386; Sigma) was weighed with an electronic balance, added to dimethyl sulfoxide (DMSO) and stored in a refrigerator at 4°C. The above medium was used to dilute the solution to the required concentration with a final concentration of DMSO in the medium of \<0.2%.

4.3. Lentivirus construction and cell transfection {#cep13271-sec-0011}
--------------------------------------------------

The coding DNA sequence (CDS) region of the NRF2 gene containing the restriction site (upstream *Eco*RI, downstream *Bam*HI) was synthesized. The CDS was ligated into the pLVX‐Puro vector, followed by transformation and plasmid extraction. Lentiviral packaging was performed by lipofection (Lipofectamine 2000; Invitrogen) in 293T cells. 293T cells were seeded into 6‐well plates for transfection, and vector DNA and liposomes were transfected at a ratio of 1:2 as follows: 1000 ng of pLVX‐Puro‐NRF2, 100 ng of psPAX2, and 900 ng of pMD2G. After 4 hours of culture, the transfection medium was replaced with complete medium. Supernatants containing virus were collected at 48 and 72 hours.

4.4. Interference of DDAH1 {#cep13271-sec-0012}
--------------------------

Three siRNAs targeting the DDAH1 gene (siDDAH1‐1, siDDAH1‐2, and siDDAH1‐3) were designed, and then the cells were transfected with the three siDDAH1 constructs by lipofection (Lipofectamine 2000; Invitrogen). The sequences of the three siDDAH1 constructs are listed in Table [1](#cep13271-tbl-0001){ref-type="table"}.

###### 

Interference sequences of DDAH1

+----------------------+----------------------------------------+
| siDDAH‐1 (407‐425)   | Sense: 5′‐GGAGGAAGGAGGUUGACAUUU‐3′;    |
|                      |                                        |
|                      | Antisenes: 5′‐AUGUCAACCUCCUUCCUCCUU‐3′ |
+----------------------+----------------------------------------+
| siDDAH‐2 (835‐853)   | Sense: 5′‐GAGUAUCCAGAAAGUGCAAUU‐3′;    |
|                      |                                        |
|                      | Antisense: 5′‐UUGCACUUUCUGGAUACUCUU‐3′ |
+----------------------+----------------------------------------+
| siDDAH‐3 (1192‐1210) | Sense: 5′‐CCUAGAAGAUACAGAGCUAUU‐3′;    |
|                      |                                        |
|                      | Antisense: 5′‐UAGCUCUGUAUCUUCUAGGUU‐3′ |
+----------------------+----------------------------------------+
| siNC                 | Sense: 5′‐CAGUACUUUUGUGUAGUACAA‐3′;    |
|                      |                                        |
|                      | Antisense: 5′‐UUGUACUACACAAAAGUACUG‐3′ |
+----------------------+----------------------------------------+

John Wiley & Sons, Ltd

4.5. RNA purification and qRT‐PCR {#cep13271-sec-0013}
---------------------------------

Total RNA in cells was extracted by using TRIzol reagent (Invitrogen), followed by verification of RNA quantity and quality. After reverse transcription by using a reverse transcription kit (\#K1622; Fermentas), qRT‐PCR was performed by using a SYBR Green PCR kit (\#K0223; Thermo) on a ViiATM 7 real‐time PCR system (Life Technologies) using the following parameters: 95°C for 10 min, followed by 40 cycles of 95°C for 15 seconds and 60°C for 45 seconds, and ending with 95°C for 15 seconds. GAPDH and U6 were used as internal references. The 2^−ΔΔCT^ method was used to determine relative gene expression levels. Three replicate analyses were performed for each sample. The specific qRT‐PCR experimental methods were performed as previously described.[^50^](#cep13271-bib-0050){ref-type="ref"} The sequences of the primers used are listed in Table [2](#cep13271-tbl-0002){ref-type="table"}.

###### 

Sequences of primers

+-------+----------------------------------------+
| NRF‐2 | Forward: 5′‐GAGGTTTCTTCGGCTACGTTTC‐3′; |
|       |                                        |
|       | Reverse: 5′‐TGGTAGTCTCAACCAGCTTGTC‐3′  |
+-------+----------------------------------------+
| DDAH1 | Forward: 5′‐AACTACACAGAGGCACATC‐3′;    |
|       |                                        |
|       | Reverse: 5′‐ACTGGAAATACGGTGAGTC‐3′     |
+-------+----------------------------------------+
| MMP9  | Forward: 5′‐GTGGCACCACCACAACATCAC‐3′;  |
|       |                                        |
|       | Reverse: 5′‐CGCGACACCAAACTGGATGAC‐3′   |
+-------+----------------------------------------+
| EGFR  | Forward: 5′‐TTCGGCACGGTGTATAAG‐3′;     |
|       |                                        |
|       | Reverse: 5′‐TTGTGTTCCCGGACATAG‐3′      |
+-------+----------------------------------------+
| GAPDH | Forward: 5′‐AATCCCATCACCATCTTC‐3′;     |
|       |                                        |
|       | Reverse: 5′‐AGGCTGTTGTCATACTTC‐3′      |
+-------+----------------------------------------+

John Wiley & Sons, Ltd

4.6. Western blot analysis {#cep13271-sec-0014}
--------------------------

Total protein was extracted, and the protein concentration was quantified using a BCA protein assay kit. The proteins were separated by 10% SDS‐PAGE, followed by semidry transfer to polyvinylidene fluoride (PVDF) membranes (HATF00010; Millipore). After blocking in 5% skim milk (BYL40422; BD Biosciences) for 1 hour at room temperature, the membrane was incubated with anti‐DDAH1 (1:1000; Ab180599; Abcam), anti‐NRF‐2 (1:1000; Ab62352; Abcam), anti‐VE‐cadherin (1:1000; Ab166715; Abcam), anti‐PRMT (1:1000; Ab190892; Abcam), anti‐Vimentin (1:1000; ab8925; Abcam), anti‐ERK1/2 (1:1000; \#4695; Cell Signaling Technology \[CST\]), anti‐p‐ERK1/2 (1:2000; \#4370; CST), anti‐MMP9 (1:1000; Ab76003; Abcam) and anti‐GAPDH (1:2000; \#5174; CST) at 4°C overnight. Then, a horseradish peroxidase‐conjugated secondary antibody (1:1000; Beyotime) was added. After developed by using a chemiluminescent reagent (WBKLS0100; Millipore) for 5 minutes, the protein bands were visualized on an ECL imaging system (Tanon‐5200; Tanon). Western blot analysis was performed as previously described.[^51^](#cep13271-bib-0051){ref-type="ref"}

4.7. ELISA {#cep13271-sec-0015}
----------

Human interleukin 1β (IL‐1β) and human tumor necrosis factor alpha (TNF‐α) levels were measured using an enzyme‐linked immunosorbent assay (ELISA) kit.

4.8. Biochemical testing {#cep13271-sec-0016}
------------------------

After treatment, the cells were collected. A nitric oxide (NO) kit (a012; Nanjing Institute of Bioengineering) and a NOS test kit (a014‐1; Nanjing Institute of Bioengineering) were used according to the manufacturer\'s instructions. Briefly, the corresponding reagents were added and mixed well, followed by 60 minutes in a water bath at 37°C. After vortexing well for 30 seconds, the solution was incubated for 10 minutes at room temperature. Following centrifugation for 10 minutes at 2500 *g*/min, the supernatant was obtained, and the absorbance was detected at 550 nm, which was used to calculate the NO content and NOS activity.

4.9. Cell proliferation {#cep13271-sec-0017}
-----------------------

The DMEM was discarded, and the cells in the 96‐well plate were randomly divided into different groups. Then, 1, 5, 10, 15, or 20 μmol/L ADMA medium was added to the cells for further culture. The cells were cultured for different times (0, 24, 48, or 72 hours), and then 10 μL of Cell Counting Kit‐8 (CCK‐8; CP002; SAB) solution was added to the culture plate. The plate was incubated for 1 hour in a 5% CO~2~ incubator. The optical density (OD) value at 450 nm was measured to compare cell growth activity.

4.10. Immunofluorescence staining {#cep13271-sec-0018}
---------------------------------

The cells were washed three times with 3% bovine serum albumin (BSA) in PBS, placed in PBS containing 4% PFA, and incubated for 1 hour. Then, the cells were incubated in PBS containing 0.5% Triton X‐100 for permeabilization. Specific experimental methods were performed as previously described.[^52^](#cep13271-bib-0052){ref-type="ref"} Anti‐CD31 (ab24590; Abcam) and anti‐α‐SMA (ab124964; Abcam) primary antibodies and goat anti‐rabbit (A0423; Beyotime) and goat anti‐mouse (A0428; Beyotime) Alexa Fluor 488 secondary antibodies were used for this study.

4.11. ADMA detection {#cep13271-sec-0019}
--------------------

The ADMA detection was performed as previously described**.** Approximately 10 mg of ADMA was accurately weighed and placed in a 10 mL volumetric flask, and then a standard stock solution with a concentration of 1 mg/mL was prepared. Next, 450 μL of methanol was added to 50 μL of the culture supernatant and vortexed for 1 minute. After centrifuged at high speed for 15 minutes (28 000 *g*, 4°C), 200 μL of the supernatant was obtained in a sample bottle, followed by detection of ADMA levels by liquid chromatography as previously described.[^53^](#cep13271-bib-0053){ref-type="ref"} The ADMA peak shape was good, the separation was complete, and there was no impurity peak interference.[^53^](#cep13271-bib-0053){ref-type="ref"} The regression equation *Y* = 310470*X*−5673.6, *R* ^2^ = 0.9998, using the peak area as the ordinate and ADMA mass as the abscissa, were obtained by computer regression.

4.12. Statistical methods {#cep13271-sec-0020}
-------------------------

The data were analyzed by using [spss]{.smallcaps}19.0 statistical software (IBM Coprporation, Armonk, NY, USA). The data are shown as the mean ± standard deviation (mean ± SD). Multigroup data analysis was based on one‐way ANOVA. A LSD test was used for subsequent analysis. A value of *P* \< .05 indicated a significant difference.
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